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ION CHANNELS
Ion permeation in K + channels occurs by direct Coulomb knock-on David A. Köpfer, 1 † Chen Song, 2 * † Tim Gruene, 3 George M. Sheldrick, 3 Ulrich Zachariae, 4 ,5 * ‡ Bert L. de Groot 1 * ‡ Potassium channels selectively conduct K + ions across cellular membranes with extraordinary efficiency. Their selectivity filter exhibits four binding sites with approximately equal electron density in crystal structures with high K + concentrations, previously thought to reflect a superposition of alternating ion-and water-occupied states. Consequently, cotranslocation of ions with water has become a widely accepted ion conduction mechanism for potassium channels. By analyzing more than 1300 permeation events from molecular dynamics simulations at physiological voltages, we observed instead that permeation occurs via ion-ion contacts between neighboring K + ions. Coulomb repulsion between adjacent ions is found to be the key to high-efficiency K + conduction. Crystallographic data are consistent with directly neighboring K + ions in the selectivity filter, and our model offers an intuitive explanation for the high throughput rates of K + channels.
P otassium (K + ) channels play fundamental roles in almost all cell types. They are essential elements in cellular electric excitability and help maintain the resting potential in non-excitable cells. Their universality is based on a unique combination of strong selectivity for K + ions and near-diffusion-limited permeation efficiency (1) . Common to all K + channels is the highly conserved K + selectivity filter (SF), which underlies both their exquisite K + selectivity and high conduction rates. A wealth of K + channel structural information has been acquired since 1998 (2) . The structures revealed that the SF is formed at the interface of four channel subunits, each contributing a linearly extended backbone of five or six residues (Fig. 1A, left) , the carbonyl groups of which point into a four-fold symmetric narrow pore (2) . This arrangement generates four equidistant K + binding sites (S 1 to S 4 ; Fig. 1A , right) (2-5).
Anomalous scattering data from the bacterial K + channel KcsA from Streptomyces lividans, in whose SF K + ions were replaced with Tl + , had originally been interpreted as a superposition of two states, each displaying occupation with two alkali ions alternating with water ( Fig. 1B) (4) . This interpretation still forms the basis for the commonly accepted K + conduction mechanism, which suggests cotranslocation of ions with water (4, 6-9) ( fig. S1 ). Any possible closer grouping of K + ions had been excluded owing to the expectation that the electrostatic repulsion between the ions would prohibit such an arrangement (4, 9), although it was noted that geometrically, the ions could fit in the filter side by side (9, 10) . The notion of K + -water cotranslocation has been applied to other K + channels (11) (12) (13) (14) , and similar mechanisms have been reported in equilibrium (10, (15) (16) (17) (18) and nonequilibrium (19) (20) (21) simulation studies. In most of these, biasing restraints were applied on the filter and/or supraphysiological transmembrane voltages were applied to elicit ion transfer (19) (20) (21) . However, alternative computational studies demonstrated that multiple pathways may exist, including mechanisms that exhibit close ionic contacts and display similar free energy barriers to K + permeation (18, 22, 23) . It has thus remained unclear which mechanism of K + permeation predominates under physiological conditions. (Fig. 1C) . The simulations were repeated in the archaeal MthK channel from Methanobacterium thermoautotrophicum (PDB ID 3ldc) and the eukaryotic S4 ). In total, we recorded more than 1300 spontaneous K + permeation events within a simulation time of~50 µs.
At KCl concentrations of 400 mM, 200 mM, and 10 mM, we recorded the number of permeating ions as a function of time, where the slope of the curves reflects ion current (Fig. 1D ). The simulated currents under positive potentials are in good agreement with experimentally reported values (up to a factor of~2, similar to the experimental range of variation). We found that sustained currents were restricted to states displaying adjacent K + ions in the SF. These invariably involved a K + ion pair at binding sites S 2 and S 3 in the SF. One ion bound near S 0 , frequently exchanging with ions from the bulk solution ( Fig. 1E ), such that S 1 was left vacant. Individual outward permeation events were initiated by intracellular K + ions entering into the internal channel cavity at binding site S cav . Translocation of the central ions in the SF at S 3 and S 2 started when a water molecule at S 4 left to generate a vacancy (Fig. 1, F and G) .
At the core of the permeation mechanism is a fast, concerted motion of the three ions at binding sites S cav , S 3 , and S 2 , triggered by positional fluctuations of the incoming K + ion between S cav and S 4 (Fig. 1H ). These motions repeatedly reduce its distance to the ion pair at S 3 and S 2 . A subsequent "knock-on" between the ion at S 4 and the S 3 -S 2 ion pair ultimately leads to a progression of the central ion pair to S 2 and S 1 (Fig. 1I) and to further ion transfers from S 1 to S 0 and from S 4 to S 3 (Fig. 1J ). These final rearrangements complete the transition by reestablishing the initial occupancy pattern of the SF (Fig. 1E) . We observed the direct knock-on mechanism in simulations of three KcsA crystal structures (PDB IDs 3f5w, 3fb7, and 1k4c), MthK (PDB ID 3ldc), and the voltage-gated channel chimera K v 1.2-K v 2.1 (PDB ID 2r9r), independently of the force fields and water models used ( fig. S4 and tables S1 and S2).
Our finding that direct ion contacts underpin the most efficient K + permeation route in K + channels contrasts with the commonly accepted transport mechanism, which is based on alternating ion and water occupation inside the SF. Similar direct cation-cation contacts have so far mainly been detected in concentrated salt solutions (26) . The accepted mechanism has predominantly been inferred from channel crystallographic data, among which the anomalous data of Tl + ions in the KcsA SF (PDB ID 1r3j) played a particularly important role (4). We were therefore interested in whether our simulation results were compatible with the experimental data. Because the original interpretation of the anomalous electron density map may contain potential drawbacks (such as a degree of dependence on the quality of the refined model from which phases are calculated), we used the program SHELXD (27) were refined for MthK (PDB ID 3ldc) (29) and Kir3.1 (PDB ID 2qks) (30) ( Table 1 and tables S4 and S5). We consistently find high values close to unit occupancy that are consistent with the interpretation that close contacts between alkali ions occur in the SF. These contacts were identified as the key to efficient conduction in our MD simulations. Water molecules do not seem to be necessary to separate alkali ions in the filter in order to shield them from repulsion. As previously suggested, and as directly observed in our simulations under transmembrane voltage, ion conduction in K + channels "in action" relies on frequent transitions between substates of different ion occupation, whereas open-activated channel states under crystalline conditions are thought to be characterized by the presence of electron density at all four SF positions (31) . Accordingly, without applied voltage and at reduced temperature, the SF occupancy seen in our simulations converges to that observed in the crystal structures (PDB IDs 1k4c and 3ldc) ( fig. S2 ).
We next investigated whether the basic physical principles of ion translocation in single file predetermine close ion-ion contacts to drive efficient permeation. We modeled the fundamental ion translocation event as Brownian diffusion in a periodic one-dimensional potential, reflecting the sequence of ion-water binding sites in the SF (Fig. 2 and supplementary materials) . By testing various occupation patterns and a range of membrane voltages, we found that configurations with direct contacts between ions consistently gave rise to markedly higher transfer rates than water-separated patterns in our Brownian dynamics simulations. These results were independent of the ion and water models used and of the details of the potential ( fig. S6 and supplementary materials). Under physiologically relevant voltages, fully ion-occupied systems showed a conductance of~80 pS, whereas those with alternating ion and water occupancy displayed only little permeation, further decreasing with increasing water content (Fig. 2) . Hence, a simple physical model of ion transfer through a confined pore with multiple binding sites already predicts ion-ion contacts to enhance, and the presence of uncharged species to impede, ion permeation.
Together with the results from our MD simulations, the data suggest that water is not cotranslocated with K + to a large degree in openactivated KcsA. This is seemingly in conflict with the ion/water cotranslocation ratio derived from measurements of water translocation through KcsA (32) (33) (34) (35) . However, these experiments were based on the application of high osmotic gradients. Water permeation as a result of an applied osmotic pressure is likely to lead to ion-depleted SF states in which individual ions are only occasionally dragged along by permeating water molecules, whereas bound ions are reported to completely block water flux (33, 34) . Such iondepleted, and water-permeable, filter states are therefore likely markedly different from the ion-conductive states at higher ion occupancy considered by crystallography and in our MD simulations.
The agreement among the multiple approaches we used to study ion flux in K + channels suggests a consensus mechanism of ion permeation across the SF. Figure 3 displays a schematic potential landscape in the SF according to the main observations made in our simulations (Fig. 3A,  gray) . In the resting state under physiological membrane voltage, two K + ions bind stably to S 2 and S 3 (Fig. 3A, purple) . The height of the energy barrier (red) prevents transfer of K + from S 2 to S 1 . As K + enters into S cav and progresses to S 4 , Coulomb repulsion with the central ions leads to their relative energetic destabilization (Fig. 3, B and C). This Coulomb interaction also lowers the permeation barrier between S 2 and S 1 (Fig. 3C) . As a result, productive translocation of the ion at S 2 can occur (Fig. 3D) . Subsequently, translocation from S 3 to S 2 lowers the potential energy of the ion at S 4 , while simultaneously the energy of the ion at S 1 is increased (Fig. 3E, red arrows) . Owing to the new potential energy surface, the initial ion configuration is then recovered by transfer from S 4 to S 3 and exit of the ion at S 1 from the SF (Fig. 3F) . This cycle constitutes a full conduction step. Notably, the free energy required to destabilize binding at S 2 ultimately stems from the binding energy of the incoming ion, best seen during the transition of the central ion (Fig. 3E,  red arrows) .
The proposed mechanism predicts an important experimental characteristic of K + channels. Because the rate of K + ions leaving the SF at the extracellular side is determined by the rate with which incoming intracellular ions arrive at the filter (movie S1), our model inherently implies that K + channels are diffusion-limited as long as an ion pair occupies the inner SF binding sites. We therefore recorded the occupancy of the inner SF sites under varying K + concentrations. Indeed, we found that ions occupy these positions over a broad range of concentrations from 10 mM to 400 mM ( fig. S3 ). Taken together, our model thus not only accounts for the diffusion control of K + channels, but also explains the wide linear regime of K + channel conductance abovẽ 10 mM K + (9), which is a prerequisite for robust K + channel function under variable external conditions.
Our permeation model for ion transfer in K + channels at physiological voltages relies on repulsive Coulomb interactions between adjacent ions in the SF as the main driver for conduction near the diffusion limit (Fig. 3) . In re-investigating several K + channel structures, we found direct ionic contacts to be compatible with the available crystallographic data. The results presented above demonstrate that these direct contacts are not energetically prohibitive. Rather, they serve to enhance ion flux to the maximum attainable speed over a broad range of concentrations.
Structure and selectivity in bestrophin ion channels 
*
Human bestrophin-1 (hBest1) is a calcium-activated chloride channel from the retinal pigment epithelium, where mutations are associated with vitelliform macular degeneration, or Best disease. We describe the structure of a bacterial homolog (KpBest) of hBest1 and functional characterizations of both channels. KpBest is a pentamer that forms a five-helix transmembrane pore, closed by three rings of conserved hydrophobic residues, and has a cytoplasmic cavern with a restricted exit. From electrophysiological analysis of structure-inspired mutations in KpBest and hBest1, we find a sensitive control of ion selectivity in the bestrophins, including reversal of anion/cation selectivity, and dramatic activation by mutations at the cytoplasmic exit. A homology model of hBest1 shows the locations of disease-causing mutations and suggests possible roles in regulation.
T he human BEST1 gene encodes a protein [human bestrophin-1 (hBest1)] that is highly expressed in retinal pigment epithelium (1-4). More than 120 distinct mutations in hBest1 have been identified that result in multiple retinal degeneration disorders (5) (6) (7) (8) (9) (10) (11) , notably vitelliform macular degeneration or Best disease. Functionally, hBest1 was identified as a Cl − channel that can be activated by Ca 2+ (8, 12, 13) , and most of the disease-causing mutations in hBest1 are point mutations that cause channel dysfunction (8, 12, (14) (15) (16) . Thus, understanding the structure of the hBest1 channel holds value from both biological and biomedical perspectives.
The bestrophin family identified by hBest1 is distributed widely, with representatives in most metazoan animals, including four in humans, and also in other eukaryotes and in prokaryotes (7, 8) . The animal bestrophins are characterized by a highly conserved N-terminal domain that includes four predicted transmembrane helices (TMs) and diverse C-terminal domains that may be involved in protein-protein interactions (8, 12, 15, 17) . Bacterial bestrophins lack the variable C-terminal domain and are more divergent in the transmembrane portion. Using a structural genomics approach, we identified a homolog from Klebsiella pneumoniae (KpBest) that could be produced by recombinant expression for structural and functional characterization. The structurebased sequence alignment implies 14% identity between KpBest and hBest1 ( fig. S1 ).
Initial crystals of detergent-solubilized KpBest diffracted poorly; however, constructs from a truncation series did yield suitable crystals. The initial structure was solved from one of these,
